Abstract: Treatment of unicoronal craniosynostosis is a surgically challenging problem, due to the involvement of coronal suture and cranial base, with complex asymmetries of the calvarium and orbit. Several techniques for correction have been described, including surgical bony remodeling, early strip craniotomy with orthotic helmet remodeling and distraction. Current distraction devices provide unidirectional forces and have had very limited success. Nitinol is a shape memory alloy that can be programmed to the shape of a patient-specific anatomy by means of thermal treatment.
U nicoronal craniosynostosis (UC) is the second most common form of nonsyndromic craniosynostosis, present in 15% of children affected by isolated craniosynostosis, with gender predilection for females (3:2) . 1 It is characterized by ipsilateral forehead and fronto-parietal region flattening with contralateral compensatory bossing. 2 Surgical treatment is generally performed within the first year and half of life, 3 but after 6 months of age to minimize the chances of relapse. 4 Although indications for surgery remain mainly aesthetic, recent works have provided evidence that children affected by nonsyndromic craniosynostosis experience developmental delay, [5] [6] [7] possibly linked to raised intracranial pressure which goes-oftenundiagnosed. 8, 9 Treatment of UC presents significant surgical challenges as the geometry of the deformity is often complex involving to a greater or lesser degree a large portion of the cranium and base of the skull. Current standard treatment is either unilateral or bilateral fronto-orbital advancement and remodeling, 10 which however is limited in the possibility of fully correcting the bony asymmetry as both the procedures make use of the available bone abnormal shapes for reconstruction.
Nitinol is a shape memory alloy of nickel and titanium which can acquire and memorise a certain geometry thermally activated (shape memory property): a nitinol device, malleable at room temperature, can remember the specific shape imposed when annealed at high temperature while constrained into such geometry. If plastically deformed again at room temperature, the memorized preset shape can be completely recovered by thermal treatment. 11 Therefore, the shape memory property of nitinol could be used to design devices that, implanted in the patient skull, can deliver preprogrammed three-dimensional (3D) shape changes, thus resulting in potentially less invasive procedures with more predictable and improved aesthetic results.
In this paper, we present a method to create a nitinol device for patient-specific preprogrammed skull bone deformation, tested as a proof of concept in a patient of UC. Patient presurgical images were elaborated to create the metal mold used to thermally anneal the nitinol device to the desired corrected shape. The device was mechanically deformed at room temperature to fix it to a plastic replica of the patient skull, by exploiting the material high deformability in this status. Temperature was raised to test shape recovery.
METHODS

Mold Design
A 16-month-old boy, who was affected by UC (right side) and underwent fronto-orbital remodeling at the age of 18 months, was selected for this study.
The preoperative computed tomography (CT) images of the patient were postprocessed (Mimics, Materialise, Leuven) to reconstruct the 3D surface of the child skull (Fig. 1) . The top portion of the reconstructed skull was isolated and 3D printed (Makerbot, Makerbot Industries, Brooklyn, NY). This model was used by a consultant plastic surgeon to recreate a desired surgical outcome: plasticine was attached to the original anatomy to normalize the shape of the patient skull ( Fig. 2A) . A 3D surface scan (Rodin 4D, Pessac, France) was acquired to assess the changes in the outer surface of the child skull due to the plasticine (Fig. 2B) .
The surface of the new model was further elaborated into a computer-aided design program (Rhinoceros 3.0, Robert McNeel & Associates, Seattle, WA) to create a mold with the desired shape and a 1 mm cavity space between positive and negative portions to host the nitinol sheet (Fig. 3A) . Slots and holes for M5 screws were included in the computer-aided design mold to ensure constraint of the nitinol piece during heat treatment. Direct metal laser sintering (DLMS, 3D SYSTEMS LTD, High Wycombe, UK) was utilized to produce the mold (Fig. 3B) , which was manufactured in 2:1 scale to reduce fabrication time as well as costs.
Mesh Manufacturing
A mesh was created from a 0.5 mm thick sheet of hyperelastic nitinol (Johnson Matthey-Noble Metals, Royston, UK) of 16.5 cm by 9 cm by punching multiple 2 mm holes. The borders were further adjusted to facilitate insertion into the mold. Screws were used to secure the nitinol sheet in position (Fig. 3C) .
The nitinol mesh and mold were annealed for 15 minutes at 5008C in a high-temperature oven for metal treatment (1300 Furnace, Barnstead/Thermolyne Dubuque, IO) to preset the desired shape. A further heat treatment at 3008C was performed for 3 hours on the mesh alone to increase the transition temperature to exhibit shape memory when heated up well above room temperature and ensure the device was malleable at room temperature. After each thermal treatment, the nitinol mesh was quenched in cold water.
Mesh Testing
A first experiment to assess the shape memory effect of the annealed nitinol mesh was carried out by flattening the mesh, heating it up in a bath of hot water (>708C), and visually checking that the initial desired geometry had been regained (Fig. 1) .
Then, the ability of the mesh to change the skull shape was tested. The patient top portion of the skull reconstructed from presurgical CT, scaled 2:1, was rapid prototyped (RP) in PLA (polylactic acid) (Makerbot, Makerbot Industries, Brooklyn, NY), which has mechanical properties similar to the child skull: PLA Young's modulus (material stiffness modulus) is about 3.5 to 4 GPa, while a child skull has a Young's modulus that ranges from 400 MPa at the age of 6 months 12 to 10 GPa at the age of 6 years. 13 The annealed nitinol mesh was mechanically deformed to the shape FIGURE 1. Three-dimensional reconstruction of the patient skull anatomy from presurgical computed tomography scan (frontal and top view), highlighting the shape abnormality associated to his unicoronal craniosynostosis. of the RP plastic model and fixed to it in several points by means of screws and bolts (Fig. 4D) .
The RP skull and attached mesh were submerged in hot water (>708C) to activate the mesh shape memory property.
The mesh was then removed from the RP skull replica and cone beam CT (CBCT, Pax-Zenith, Vatech Global, Fort Lee, NJ) images were acquired to quantify the new anatomy. The surface of the forehead of the distracted 3D printed skull was reconstructed and registered using the unaffected areas, such as the internal surface of the orbits, to the original (scaled) presurgical CT scan anatomy and to the desired skull shape after plasticine addition for comparison.
RESULTS
Plasticine together with the patient-specific 3D printed model gave the ability to the surgeon to recreate a satisfactory skull shape for the specific UC patient. Figure 2C shows an overlay of the presurgical reconstructed skull shape from CT images (yellow) together with the geometry acquired after plasticine modification (green), highlighting the areas of bone correction.
Image postprocessing combined with metal 3D printing (DLMS) enabled producing a metal mold with complex patient-specific geometry.
The manufacturing process for the nitinol mesh allowed crimping into the purposely designed metal mold for thermal treatments and successful shaping of the nitinol sheet into the realistic skull geometry. After flattening and heating, the nitinol mesh alone showed a full recover of the preset configuration.
When fixed to the plastic skull replica and heated up, the mesh, to return to its preprogrammed shape, exerted expansion forces deforming the skull. The RP plastic softened due to the water high temperature and, once out of the water, maintained the shape imposed by the nitinol mesh. Figure 5 illustrates a comparison of the initial presurgery patient anatomy (top) with the distracted shape of the skull replica after nitinol expansion (middle), and with the ideal desired anatomy that was created by the surgeon and programmed into the nitinol mesh (bottom), using color maps to plot surface distances from the original patient anatomy. Peak displacement achieved by the mesh was 2.8 mm while the ideal distraction was in the order of 5 mm.
DISCUSSION
Unicoronal craniosynostosis presents with geometrically complex dysmorphology, affecting eyes, 14 zygomas, 15 mandible, 16 as well as skull base. 17 Recent evidence has linked this form of skull morphologic abnormality with poor neuropsychologic 18 and visual function. 19 Surgical correction of UC has evolved from strip craniectomy to extensive cranioplasty along with orbital surgery. 20, 21 Although technique standardization has allowed for increase in safety 22 and minimization of transfusion need, 23, 24 surgical correction of UC remains a major procedure with perioperative and postoperative complications. 25, 26 Cranial molding by means of distraction osteogenesis has also been used in the past as a way of treating UC [27] [28] [29] : it has proved to be a good alternative to fronto-orbital advancement and remodeling in terms of morbidity and aesthetic outcome. 25 Tahiri et al 30 reported that distraction osteogenesis is suitable for treating younger patients compared with traditional cranial vault remodeling offering all the advantages of traditional DO: ability to produce larger movements with more gradual soft tissue expansion, 31 lower rate of infections, 32 better revascularization, 28 shorter hospital stay. 32 Furthermore, distraction in the anterior cranial vault has the specific advantage of correcting the cranial base angulation. 28 Current distractors are limited in providing control on distraction vector: multidirectional distraction has been attempted in the past by either designing bespoke devices 33, 34 or combining several distractors to allow for composite force vector. 35, 36 In this study, the authors present a first attempt to design a protocol for producing a bespoke-shape memory distractor for the correction of UC. An initial step of manual molding of plasticine on a replica of the original patient anatomy allowed the surgeon to decide directly on the desired final shape of the forehead leveraging his clinical experience and aesthetic knowledge. Three-dimensional scanning and metal rapid prototyping allowed for design and production of an anatomically accurate metal mold which was used to program a nitinol mesh. The sequence of thermal treatments applied to the nitinol proved that the mesh was easy to deform at room temperature to mold it to the patient-specific initial skull anatomy and, following temperature increase, was able to impose the desired pattern of deformation on an RP replica of the child skull, albeit with smaller overall magnitude of displacements. The resistance of the plastic skull to the forces exerted by the nitinol mesh limited the device recovery of the preset shape, with equilibrium reached between the 2 structures half way through the deformation. To test the distraction capability of the mesh device, a replica of the patient skull was rapid prototyped in PLA. This plastic has different mechanical characteristics from biological materials.
The initial under-correction, which in the plastic skull was maintained also with time, would potentially not be a problem in a real paediatric skull as this would accommodate distraction forces over time thanks to its viscoelasticity. 37 Therefore, with time, the nitinol device would keep exerting expansion forces, constant over a large range of deformation which is desirable for tissue expansion. 38 In addition, distraction forces and equilibrium could be modulated by varying the mesh geometry and nitinol sheet thickness.
The displacement field experienced by the plastic replica is similar in distribution to the ideal one, with however some spurious area affected: the pediatric skull is a continuous body where concentrated forces on 1 area would affect the overall shape. This should be taken into consideration for future design iterations.
Obviously, this is a proof of concept study for the use of nitinol in the treatment of UC, and surgical details to implement this in the human skull, out of the remits of this work, would require further studying. Indeed, in this experiment bolts were used to fix the mesh to the skull replica through the mesh holes, which would not be a suitable method to secure the real device to the patient skull. In addition, after implantation in the skull replica, the nitinol meshshape memory property was activated by means of high-temperature water, also not appropriate for the live skull. The mesh transition temperature should be tuned during the thermal treatments to be at a temperature between room and body temperature. A rigid holder should be considered to keep the mesh in place during insertion until fully fixed to the patient skull. Furthermore, since large strains on the skull would be induced during distraction, stress relief osteotomies should be considered to avoid skull fractures due to high strains.
This study demonstrates the potential use of shape-memory alloys in the treatment of craniosynostosis as an engineered device that leverages the shape memory property of nitinol could deliver gradual, preplanned and therefore highly controllable shape changes to the abnormal skull to achieve optimal anatomical correction. Further studies are required to investigate the practical issues of developing and delivering a safe clinical tool and technique for nitinol distractor use.
